Biodegradable hollow fibres of poly-L-lactic acid (PLEA) filled with a suspension of the contraceptive hormone levonorgestrel in castor oil were implanted subcutaneously in rats to study the rate of drug release, rate of biodegradation and tissue reaction caused by the implant. The in viva drug release was compared with the release in vitro using different release media. Fibres, disinfected with alcohol showed a zero-order release, both in vitro and in viva, for over 6 months. Fibres, either y-sterilized or disinfected with alcohol were harvested at time intervals ranging from 1 d to 6 months after implantation. Molecular weights of PLLA, tensile strengths, and remaining amounts of drug were determined as a function of time.
MATERIALS

AND METHODS
Fibres.
The hollow fibres were spun from poly-L-lactic acid (M, 159 000) using a 'dry-wet' coagulation spinning process5* 6 . The tube-in-orifice spinneret device contained an injection tube with an external diam. of 0.6 mm, an internal diam. of 0.4 mm, and an orifice diam. of 1 .O mm. The spinning dope was composed of 80% dioxane, 1 5% poly-Llactic acid and 5% polyvinylpyrrolidine (PVP) at a temp. of 50°C; water was used as the internal and external coagulant. The hollow fibres ( locytes disappeared and capillaries were activated to bud. At day 7, macrophages formed a complete monolayer around the fibre. The cell membrane contacting the fibre, closely followed the smooth contours of the polymer, at a regular distance of approx. IO nm (Figure 7) .
The local formation of close contacts and focal adhesions could be observed. The cells were metabolically very active as judged by the amount of mitochondria, both smooth and rough endoplasmatic reticulum and Golgi apparatus (Figure 8) . The macrophages at the cell-polymer interphase showed a remarkable appearance. At their cell membrane not facing the polymer, microvillous structures were observed, sometimes interdigitating with neighbouring cells (Figure 9) .
From 2 wk on, a layer of fibroblasts was observed surrounding the macrophages. These fibroblasts started to produce a collagen sheet around the fibre, and gradually the macrophages disappeared (Figure 70) . At 6 months a mature fibrous capsule was formed around the fibre, with both circularly and longitudinally arranged fibres. At places where more mechanical stress occurred, (at the lateral edges of fibres) a thicker layer could be observed. No chronic infection, foreign body reaction or the formation of giant cells was observed. 
DISCUSSION
The results demonstrate that with our new release system both in vivo and in vitro a near zero-order release of levonorgestrel from PLLA fibres is obtained. The initial purpose which was to obtain zero-order release for 6 months is met easily. Biodegradation of the fibre material, as monitored by tensile strength and M, determinations, starts immediately after implantation. The fibres, however, retained their shape and function until the total contents had been released.
Complete degradation or fragmentation of the fibres was not observed during the time they were studied, although it was observed that from 4 wk onwards some of the fibres showed defects. The fibre parts however were surrounded by a fibrous capsule and remained in their original positions. It might be expected that breaking of the fibre would result in a significant increase in drug release rates. Only a minor increase was observed however and it was concluded that in case of defects in the fibre wall only a small area of the total surface develops where the suspension in oil is directly exposed to the fibrous capsule. This did not contribute greatly to the total release rate. In vitro, a perfect zero-order release rate was observed. These determinations were performed in 30/70% ethanol/ water mixtures and it could be expected that the in vivo release was somewhat lower since levonorgestrel dissolves better in alcohol than in water. It could also be expected that the encapsulation of the fibre might impair the zero-order rate release. However, we observed a slightly higher release in vivo, which could still be described as near zero-order, at least when the fibres were alcohol disinfected. Apparently encapsulation does not inhibit the amount of drug release significantly and does not influence the rate of release.
The cellular response to the poly-L-lactic acid fibre could be described as a very moderate foreign body reaction, which is composed of two components, a primary wound healing process and an attempt by the macrophages to engulf the foreign body. Initially a large number of neutrophilic granulocytes and a smaller number of eosinophilic granulocytes migrate towards the fibres, followed by the macrophages. This response is presumably evoked by the tissue damage induced by the implantation itself. It can be described as a primary wound healing process. After 3 d the granulocytes gradually disappear and macrophages cover the graft interface. These macrophages seem quite metabolically active but no degradation of the fibre could be observed as a result of their actions. Possibly, the macrophages try to engulf the foreign body, but fail to do so8. The absence of foreign body giant cells and lymphoid elements indicates that the graft can be regarded as quite inert; eventually the macrophage phagocytic activity was low and the graft did not induce a chronic inflammationE-'O.
The appearance of fingerlike extensions of macrophages after 1 wk of implantation on the side of the cell not facing the fibre has also been described by others". Salthouse' suggested that these structures (called lamellopodia) were involved in engulfing polymer debris and were indicative of macrophage activity. However, in our model, the polymer to be engulfed is situated at the opposite side of the cell. We therefore consider it a foreign body induced surface enlargement. Since membrane processes in cellular metabolic activity can only take place at the side of the cell not facing the polymer this metabolic effective membrane surface may enlarge, in the way described, as a compensation mechanism.
In vitro release studies have been performed in 45/559/o and 30/70% ethanol/water mixtures. Release rates were highest when more ethanol was present in the medium. The release rate in the 45/55% medium was approx. 12 pg cm-' (24 h)-'. The release rate in the 30/70% medium was approx. 2 j.rg cm-' (24 h)-' (see Figure 3) . The release rate in vivo however was somewhat higher (approx. 2.4 j.rg cm-' (24 h))' which is not in accordance with expectations. y-Irradiation of the fibres filled with levonorgestrel caused not only a decrease in the M, of the poly-L-lactic acid from 159 000 to 65 000 but the levonorgestrel was also damaged, as judged by the change in the U.V. spectrum (Figure 17) . The occurrence of a shoulder at lower wavenumbers indicates the presence of low molecular degradation products of levonorgestrel. Moreover, after y-sterilization, thein vivo release rate was not of zero-order. When the fibre is filled with the drug after it has been sterilized, the problem does not occur.
Alternative applications for the hollow fibres are now being considered, such as cytostatics, antibiotics or hormones (e.g. LH-RH). The fibre wall has to be adapted for these purposes.
CONCLUSION
The biodegradable hollow fibre of poly-L-lactic acid evokes only a very moderate foreign body reaction and is therefore a suitable device for the release of drugs over a long period of time.
